Meningioma is one of the most common forms of primary intracranial tumor, accounting for more than 35% of all intracranial tumors diagnosed, 1 and it has an estimated prevalence of 70.7 cases per 100 000 individuals. 2 Meningioma is thought to derive from the arachnoidal cap cells 3 that form the outer layer of arachnoid mater and the arachnoid villi.
appearance of frank malignancy, or 20 or more mitoses per 10 high-power fields. 4 Since the 2007 update of the WHO classification of meningioma, which considers otherwise benign meningioma with brain infiltration as AM, the most recent WHO supplementation published in 2016 reinforced "brain infiltration" as a stand-alone histological feature for AM.
AM and MM are relatively rare meningioma subtypes, constituting approximately 4.7%-7.2% and 1%-2.8% of all meningioma diagnoses, respectively. 4 AM represents an intermediate histological grade with a higher historical recurrence rate in the absence of adjuvant radiotherapy (RT), 6, 7 with 10%-30% undergoing transformation to WHO grade III meningioma. 8, 9 The recurrence rates for WHO grades I, II, and III meningioma have been reported as 7%-25%, 29%-52%, and 50%-94%, respectively. 4 Surgical resection is the first-line treatment for AM and MM, and the extent of surgical resection is considered to be the most important prognostic factor for AM outcome. 10 A population-based study using the Surveillance, Epidemiology, and End Results (SEER) program database has demonstrated that gross total resection (GTR) is associated with statistically significant overall survival (OS) benefit in both AM and MM. 11 Although adjuvant RT in MM has been shown to improve treatment outcome, the role of adjuvant RT in the treatment paradigm of AM is less clear. Previous studies of adjuvant RT for AM are mostly confined to small retrospective series with conflicting findings regarding the benefit of adjuvant RT for AM without any conclusive finding on OS benefit. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] There appears to be improved progression-free survival (PFS) and lower recurrence rates in AM patients treated with adjuvant RT in some studies, [12] [13] [14] [15] [16] [17] but not in the others. [18] [19] [20] [21] [22] Similarly, a SEER study of AM diagnosed between 1988 and 2007 concluded no OS benefit with adjuvant RT. 23 Despite the lack of clear evidence, a survey of neurosurgeons has shown that most would not advocate adjuvant RT for a completely excised AM; however, the majority would recommend adjuvant RT for AM after subtotal resection (STR). 24 Since the treatment approach for AM was mostly extrapolated from guidelines for BM and MM, there is no consensus on adjuvant RT use for AM, which has resulted in practice variation among institutions and disciplines, in particular radiation oncology and neurosurgery. Moreover, no studies to date have demonstrated an OS benefit with adjuvant RT for AM. Most institutions agree that adjuvant RT is indicated after STR of AM; however, adjuvant RT after GTR of AM is still a controversial topic. 14, 19, 25 Since RT has inherent risks for side effects and complications, which has been shown to range from 3.4% to 16.7% from multiple studies, 26 the identification of a specific subgroup of AM patients who truly benefit from adjuvant RT is needed.
In this study, we utilized the National Cancer Database (NCDB) to evaluate the impact of adjuvant RT on OS for AM patients after STR or GTR. By restricting the analysis to more recent years and excluding anachronistic RT modalities, and by utilizing propensity score matching (PSM) techniques to control for covariates, we hoped to shed light on RT's impact on OS for AM after resection.
Materials and Methods

Data Collection and Cohort Definition
The NCDB, a nationwide, facility-based, comprehensive clinical surveillance resource oncology dataset, began collecting oncological data in 1989, which includes patient demographics, tumor histology, surgical pathology, treatment timing, treatment facility characteristics, all-cause mortality (ACM), radiotherapy modality, dose, and fractionation schemes from over 1500 institutions in the United States and Puerto Rico accredited by the Commission on Cancer of the American College of Surgeons and the American Cancer Society. The American College of Surgeons has executed a Business Associate Agreement that includes a data use agreement with each of its Commission on Cancer accredited hospitals. Currently, the NCDB captures approximately 70% of all newly diagnosed cases of cancer in the United States at the institutional level. 27, 28 From NCDB, we extracted cases of AM diagnosed between 2009 and 2012. We decided to extract cases diagnosed after 2009 in order to ensure that the updated WHO definition for AM in 2007 had been universally adopted by most institutions. We excluded patients with prior malignancy, age under 18 years, unknown surgical status, unknown radiation status, unknown extent of resection, and unknown radiation dose or fractionation. We also further excluded patients who died or were lost to follow-up within 3 months of surgery. Patients were also excluded if they received unspecified or unconventional external beam RT modalities (eg, cobalt-60 or cesium-137, 2-to 5-MV photons or electrons, brachytherapy).
The biologically effective dose (BED) was subsequently calculated from the total dose and fractionation, assuming an α/β ratio of 3.7 Gy as determined by a previous study using data on long-term radiological control achieved by various dose/fractionation schedules for BM. 29 Surgical cohorts were selected based on STR or GTR status, and each cohort was further stratified based on
Importance of the study
Previous retrospective studies of adjuvant radiotherapy after surgical resection of WHO grade II meningioma have arrived at conflicting conclusions on whether adjuvant radiotherapy reduces recurrence, and none observed an OS benefit associated with adjuvant radiotherapy. Since radiotherapy has inherent risks for side effects and complications, the identification of a specific subgroup of WHO grade II meningioma patients who truly benefit from adjuvant radiotherapy is needed.
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adjuvant RT status. This study was approved by the Oregon Health & Science University institutional review board, study #00015934, waiving patient written informed consent, and all data were de-identified in accordance with the Health Insurance Portability and Accountability Act.
Primary Analyses
The primary objective of this study was to determine if adjuvant RT improves OS after surgical resection of AM. In secondary analyses, we also investigated whether higher RT dose is associated with improved OS. We used 54 Gy in 30 fractions as the threshold to distinguish between high-and low-dose RT. At an α/β ratio of 3.7, this threshold is equivalent to a BED of approximately 80 Gy. The primary outcome was ACM. The follow-up time was defined as the time in months between surgery and death or last contact.
Statistical Analysis
ANOVA, Kruskal-Wallis tests, and chi-square tests were used to characterize differences in variables of interest for continuous, ordinal, and categorical variables, respectively. Median follow-up time was calculated via the reverse Kaplan-Meier method described by Schemper and Smith et al. 30 In order to adjust for covariates and determine if adjuvant RT after STR or GTR impacts OS, we used the PSM approach to balance patient characteristic variables prior to traditional multivariate regression analysis via the Cox proportional hazards model. We first divided the patients into STR and GTR cohorts. For each cohort, we carried out 1:2 PSM between patients who received adjuvant RT and those who did not. The patient characteristic variables that were balanced include age, year of diagnosis, sex, race, histology, and tumor size. The major analyses were conducted on matched cohorts. We graphically illustrated the OS distributions of cohorts using Kaplan-Meier plots, and conducted log-rank tests to compare the OS distributions between cohorts without controlling for other covariates; however, all covariates were balanced via the aforementioned PSM process. We also carried out multivariable regression analysis according to the Cox proportional hazards model on data after PSM. All P-values were 2-sided with a statistical significance threshold of .05. All statistical analyses were carried out using R version 3.3.1.
Results
Patient Characteristics
We identified a total of 2515 patients with AM diagnosed between 2009 and 2012. Of this total cohort, 1134 patients underwent STR and 1381 patients underwent GTR. Median follow-up was 28 months for both the STR and GTR cohorts. Patients in the STR cohort were more likely to undergo adjuvant RT, with 25.4% of the STR cohort receiving adjuvant RT versus 19.3% in the GTR cohort. The majority of patients were male, with 56.4% and 53.9% in the STR and GTR cohorts, respectively. The patients were predominantly Caucasians in both cohorts.
After PSM, the median follow-up for the STR cohort was 31 months for those who received adjuvant RT and 29 months for those who did not. The median follow-up for GTR patients was 32 months for those who received adjuvant RT and 30 months for those who did not.
Cox Proportional Hazards Regression of All AM Patients
The result of Cox proportional hazards regression for all AM patients is shown in Table 3 . GTR is associated with significantly decreased ACM with an adjusted hazard ratio (AHR) of 0.764 compared with STR (P = .046). The female sex is associated with significantly decreased ACM with an AHR of 0.534 compared with the male sex (P < .001). African American race demonstrates significantly increased ACM with an AHR of 1.754 compared with Caucasians (P = .002). Age is associated with significantly increased ACM with an AHR of 1.076/year (P < .001).
Propensity Score Matching for STR and GTR Cohorts
For the STR cohort prior to PSM, age at diagnosis and histology were not well balanced, with P-values of .002 and .062, respectively. Both covariates were subsequently balanced after PSM as shown in Table 1 . Similarly, for the GTR cohort prior to PSM, age at diagnosis and year of diagnosis were not well balanced, with P-values of .041 and .076, respectively. Both covariates were subsequently balanced after PSM as shown in Table 1 .
PSM was also carried out for STR patients who underwent adjuvant RT, with respect to their RT dose designated as low versus high, using BED of 54 Gy in 30 fractions as a threshold. However, the patient characteristic variables appear to be balanced without PSM, as shown in Table 2 .
Cox Proportional Hazards Regression of Matched STR and GTR Cohorts
The results of Cox proportional hazards regression for ACM in matched STR patients are shown in Table 4 , which shows that adjuvant RT is associated with statistically significant decrease in ACM compared with no adjuvant RT, with an AHR of 0.590 (P = .045). In contrast, the Cox proportional hazards regression in matched GTR patients shows that adjuvant RT is not associated with significant difference in ACM compared with no adjuvant RT (P = .737). Age at diagnosis is associated with significantly increased ACM for both the STR and GTR cohorts, with AHRs of 1.075 and 1.072/year, respectively (P < .001 for both).
Kaplan-Meier OS Plots with Log-Rank Tests
The Kaplan-Meier OS plots for STR patients in Fig. 1 showed significantly improved OS in the adjuvant RT arm, with 
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Fig. 1
Kaplan-Meier OS plots for AM patients who underwent STR and GTR, after PSM with respect to adjuvant RT status. All patients who were alive at last follow-up are censored. P-value from log-rank test is shown.
log-rank test P = .021. Meanwhile, the Kaplan-Meier OS plots for GTR patients showed nearly identical OS for both the adjuvant RT and the no adjuvant RT arms, with log-rank P = .990. This pattern of improved OS associated with adjuvant RT in the STR cohort but not in the GTR cohort is consistent with the Cox proportional hazards regression results shown in Table 4 .
Dose Response in Adjuvant RT for AM Post-STR
The Kaplan-Meier OS plots for STR patients who received adjuvant RT (Fig. 2) showed similar outcomes between low dose (BED <54 Gy in 30 fractions) and high dose (BED ≥54 Gy in 30 fractions), with log-rank P = .950.
Discussion
In our hospital-based study, we observed a significant OS improvement associated with adjuvant RT for AM after STR but not after GTR, as shown in Fig. 1 , using PSM data between patients who received no adjuvant RT and those who did. This pattern is confirmed via Cox proportional hazards regression of the matched data for the STR and GTR cohorts, as shown in Table 4 . In the Cox proportional hazards regression results of all AM patients shown in Table 3 , we also confirmed that GTR is associated with improved OS compared with STR, consistent with the findings of previous studies. 10, 11 A subgroup analysis of STR patients who received adjuvant RT did not reveal any statistical significance between RT dose and OS, as shown in Fig. 2 . In our study, 25.4% of the STR cohort received adjuvant RT versus 19.3% in the GTR cohort. These utilization rates of adjuvant RT are lower compared with historical data, with a previous single-institution retrospective study showing that as many as 34.4% of patients who underwent STR of AM received adjuvant RT. 6 This discrepancy in the utilization rate of adjuvant RT could be attributed to the fact that 49% of the patient data in our study came from non-academic centers; therefore, the lower utilization rate of adjuvant RT for AM may reflect practice pattern variation between academic and non-academic hospitals. Another factor for lower utilization rate of adjuvant RT in our study is the fact that previous retrospective studies tended to collect data over long periods of time while the WHO classification continues to evolve. Our data were extracted after the 2007 update of the WHO classification, which classifies an otherwise benign tumor with brain infiltration as grade II, unlike the previous update in 2000. And last but not least, we excluded all patients who received adjuvant RT but for whom we lacked information on RT modality, dose, or fractionation, which would further decrease the calculated utilization rate of adjuvant RT. Prospective studies of adjuvant RT for meningioma are limited to a single phase II trial-Radiation Therapy Oncology Group (RTOG) 0539, which risk-stratifies meningioma to low risk for all WHO 31 The RTOG 0539 intermediate-risk arm's outcome of 96.0% PFS is highly encouraging and consistent with our finding that GTR is associated with improved outcome for AM, and it demonstrated that postoperative RT caused minimal adverse events.
To the best of our knowledge, no previous retrospective series have observed a significant OS benefit associated with adjuvant RT in AM after STR. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Due to the low prevalence of AM among all meningioma diagnoses, Fig. 2 Kaplan-Meier OS plots for AM patients who underwent STR and adjuvant RT, after PSM with respect to low dose (BED of <54 Gy in 30 fractions) versus high dose (BED of ≥54 Gy in 30 fractions). All patients who were alive at last follow-up are censored. P-value from log-rank test is shown. 
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retrospective series were often forced to include cases diagnosed and treated over long periods of time, sometimes spanning decades, as the staging, diagnosis, and treatment for AM continued to evolve. This in combination with the lack of statistical power associated with smaller sample size likely rendered it difficult to observe significant OS benefit with adjuvant RT after STR for AM. Although adjuvant RT was not found to result in statistically significant improvement in OS after GTR for AM, this lack of significance may be partially attributed to the relative short median follow-up of our study, as we included only AM patients diagnosed in accordance with the most recent WHO definition.
Similar to the retrospective series, a population-based study of AM also failed to observe a significant OS benefit associated with adjuvant RT regardless of the extent of surgical resection. 23 In addition to the nearly 2-decadeslong time period of this study, the analysis is further hindered by unique limitations of the SEER database, which does not collect RT information such as dose, fractionation, and treatment modalities. In contrast, we were able to utilize this additional information available in the NCDB to exclude cases treated with unconventional RT dose or anachronistic modalities such as cobalt-60, which may confound our survival analysis otherwise. In addition, NCDB records the time delay between diagnosis and surgery, and again between diagnosis and death or last contact. Thus we can calculate exact survival time using the surgery date as the reference, instead of using the diagnosis date as the reference. In doing so, we avoided confounding our survival analysis with inflated survival time due to significant delay between diagnosis and surgery. We were also able to use the 90-day postsurgery mortality status available in the NCDB to exclude patients who had died prior to having a chance to receive RT, which again would have introduced bias into our analysis.
Being hospital based, our study has a few important limitations, mostly centered around the scope of data recorded by the NCDB. First, although GTR and STR status are readily identified within NCDB, the precise extent of resection cannot be determined in accordance with the Simpson score scale. As a result, Simpson 1-3 are grouped together under GTR. Given that the extent of surgical resection is an important prognostic factor in AM outcome, this lack of more detailed resection information could potentially confound our survival analysis. NCDB does not consistently record the MIB-1 proliferation index, which has been shown to correlate with early recurrence. [32] [33] [34] Postoperative KPS has been shown to correlate with OS; however, it is also not recorded by NCDB. 35 Additionally, NCDB does not record cause-specific survival for AM, which precludes disease-specific survival analysis in the presence of other-cause mortality as a competing risk. However, we were able to combine PSM with multivariate Cox proportional hazards regression to evaluate association between adjuvant RT and OS while controlling for other covariates.
In conclusion, our study observed that adjuvant RT after STR of AM is associated with statistically significant improvement in OS, while adjuvant RT after GTR of AM is not. In addition, for patients who received adjuvant RT after STR of AM, radiation dose does not appear to be associated with OS. These data are hypothesis generating and need to be corroborated; however, the statistics suggest a possible association between adjuvant RT after STR of AM and improvement in OS. In the future, prospective studies with adequate statistical power are needed to fully investigate the impact of adjuvant RT on AM after surgical resection.
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